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Results of studies of the susceptibility, magnetic specific heat, and electron paramagnetic resonance
spectrum of the geometrically frustrated antiferromagnetic ZnCr2O4 are presented. The temperature
dependence of the susceptibility and the specific heat are in good agreement with the predictions of
the quantum tetrahedral mean field model for exchange-coupled spin-3/2 ions on a pyrochlore
lattice. The origin of the anomalous behavior of the resonance intensity below 90 K is discussed.
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I. INTRODUCTION
In recent years, the investigation of geometrically frus-
trated magnets has been recognized as an important and ex-
citing area of research.1,2 Among the systems studied, the
pyrochlore antiferromagnets have received special attention.
In the pyrochlore systems, the magnetic ions occupy the ver-
tices of a three-dimensional array of corner-sharing tetrahe-
dra. Various theoretical studies have established that the py-
rochlore array does not undergo a phase transition at finite
temperature when there are only nearest-neighbor
interactions.2 Longer range interactions, coupling to the crys-
tal lattice and the presence of impurities and defects can
induce transitions to states with long range antiferromagnetic
~AFM! or spin glass order.
In this article, we report the results of variety of studies
of the spinel ZnCr2O4 , in which the Cr ions occupy sites on
a pyrochlore sublattice. Since the orbital state of the Cr31
ion is a singlet, spin-orbit effects are small, and the magnetic
system can be regarded, in a first approximation, as an array
of spins (s53/2) coupled by the Heisenberg exchange inter-
action, Ji j Si "Sj . Previous studies
3–5 have established that
ZnCr2O4 undergoes a first order spin-Peierls transition at 12
K where the onset of long range AFM order is accompanied
by a lattice distortion. We have carried out a series of mea-
surements of the susceptibility, specific heat, and the electron
paramagnetic resonance~EPR! spectrum of ZnCr2O4 . It
should be noted that this work is part of a larger study of
the magnetic properties of the Cd-doped system
Zn(12x)CdxCr2O4, the results of which will be published
elsewhere.6
The remainder of the article is organized as follows: the
results of the susceptibility and specific heat measurements
are given in Sec. II, where the data are analyzed using a
recently developed quantum tetrahedral mean field theory.7
The EPR data for the integrated intensity of the resonance
and the linewidth are presented in Sec. III. Section IV is
devoted to a discussion of the results.
II. SUSCEPTIBILITY AND SPECIFIC HEAT
Previous measurements of the susceptibility of
ZnCr2O4
3,8 yielded different values ofTN , and the paramag-
netic Curie temperature,Q: TN59.5 K, Q52330 K ~Ref. 3!
andTN516 K, Q52392 K ~Ref. 7!. We have measured the
susceptibility on the same samples that were used in our
specific heat and EPR measurements and obtained the results
TN512 K andQ52388 K. We have also measured the field
dependence of the magnetization ratio,M /H, for applied
field H in the range 0.2 T<H<5 T. We found that the mag-
netization ratio is weakly field dependent in the paramag-
netic phase; in the AFM phase,M /H is noticeably field-
dependent.
In Ref. 4, specific heat data were reported for ZnCr2O4
in zero field over the range 5 K<T<25 K. We have ex-
tended these measurements to cover the range 2 K<T
<300 K. Data were taken both in zero field and in an applied
field of 6 T. We found that the specific heat is only weakly
field dependent, except in the vicinity of the phase transition,
and that the onset of the phase transition is at approximately
12 K.
As noted in Sec. I, we have compared the zero-field
susceptibility and magnetic specific heat in the paramagnetic
phase with the predictions of the quantum tetrahedral meana!Electronic mail: huber@src.wisc.edu
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field theory.7 In the quantum tetrahedral mean field theory,
the susceptibility per spin of the pyrochlore lattice~in units
of 4mB






whereJ1 and J2 are the nearest and next-nearest neighbor
exchange integrals. The symbolx̂ tet(J1 ,T) denotes the sus-







where the sum overSranges from 0 to 6 in integer steps. The
symbol g(S) denotes the degeneracy factor, taking on the
values 4, 9, 11, 10, 6, 3, and 1 forS50, 1, 2, 3, 4, 5, and 6,
respectively. Note that the total number of levels,SSg(S)
3(2S11) is equal to 256@(2•3/211)4#.
In Fig. 1, we show the data for the susceptibility in the
paramagnetic phase together with the fits obtained using
quantum tetrahedral mean field approximation and the
Curie–Weiss approximation, wherexCW5C/(T2Q). In the
case of the tetrahedral analysis, the fit was obtained with
J1538.6 K and J251.36 K whereasx
CW was calculated
with Q52388 K. It is apparent that there is excellent agree-
ment between the data and the tetrahedral mean field model,
which reproduces the peak in the susceptibility. In contrast,
the susceptibility calculated in the Curie–Weiss approxima-
tion shows no peak, increasing monotonically with decreas-
ing temperature.
The magnetic specific heat can also be calculated with
the quantum tetrahedral mean field model, provided the next-
nearest neighbor interactions are small in comparison with
the nearest-neighbor coupling, as is the case with ZnCr2O4 .
The specific heat is readily expressed in terms of the deriva-
tive of the internal energy with respect to temperature. The
internal energy per spin is given byU53J1^Si "Sj& where i
and j are nearest neighbors andJ1 is the nn exchange inte-
gral. In the quantum tetrahedral mean field model,^Si "Sj& is
related to x̂ tet(J1 ,T) through the equation̂ Si "Sj&5Tx̂ tet
2s(s11)/3. In Fig. 2 we compare the measured values of
the magnetic specific heat with the predictions of the quan-
tum tetrahedral mean field theory using the value ofJ1 in-
ferred from the fit to the susceptibility. The agreement is
seen to be very good. It is worth noting that the peak in the
specific heat in the cluster model, a short-range order effect,
occurs at 9.9 K, which is close to the critical temperature
associated with the onset of long range order. Also shown in
Fig. 2 are the results obtained from a pair cluster mean
field model, with J1 ~27 K! inferred from fitting the
susceptibility.9 In this case, the agreement is only qualitative.
III. EPR
Recently, Ohtaet al. reported high-field measurements
of the EPR spectra of ZnCr2xGa222xO4 that had been carried
out using a millimeter wave spectrometer.10 We have under-
taken a complementary study of ZnCr2O4 at X-band frequen-
cies where we investigated the temperature dependence of
the integrated intensity of the resonance and the linewidth. In
‘‘conventional’’ ~i.e., unfrustrated! antiferromagnets, the in-
tegrated intensity of the EPR signal has a temperature depen-
dence that is similar to that of the static susceptibility. While
we find this is the case for ZnCr2O4 above approximately
100 K, below this temperature, there is a qualitative differ-
ence in the behavior of the two. As noted, the susceptibility
has a maximum at'40 K. At TN , it has fallen to about 65%
of its peak value; in contrast, the integrated intensity reaches
FIG. 1. Susceptibility of ZnCr2O4 in the paramagnetic phase. The data are
shown as open circles. The solid line is the fit obtained using the quantum
tetrahedral mean field approximation withJ1538.6 K andJ251.36 K. The
dashed line shows the Curie–Weiss approximation withQ52388 K. FIG. 2. Magnetic specific heat of ZnCr2O4 ~obtained by subtracting the
specific heat of ZnGa2O4 from the measured specific heat of ZnCr2O4!. The
data are shown as open circles. The solid line is the fit obtained using the
quantum tetrahedral mean field approximation~tetrahedron cmf! with the
nearest-neighbor exchange integral obtained from the fit to the susceptibil-
ity. The dashed line is the result obtained from a pair cluster mean field
approximation~pair cmf! using the valueJ1527 K that was obtained by
fitting the susceptibility~see Ref. 9!.
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a maximum at approximately 90 K. In the region 12 K,T
,90 K, it decreases exponentially, as shown in Fig. 3, with a
gapD'23 K ~2 meV!.
The integrated intensity of the EPR below 100 K is un-
usual in that its temperature dependence is qualititatively dif-
ferent from the temperature dependence of the susceptibility.
To interpret this behavior, we make use of the Kramers–
Kronig relation connecting the real and imaginary parts of






wherex9(v,T) denotes the imaginary part of the suscepti-
bility and x(T) is identified with the static limit of the real
part of the susceptibilityx8(v,T). Since the absorbed power
is proportional to*v02d
v01ddvvx9, wherev0 is the resonance
frequency andd the linewidth, one would expect that the
susceptibility and the integrated intensity would have a simi-
lar temperature dependence when the resonance is narrow,
d!v0 , providedx9 has significant spectral weight only near
v0 . Such would appear to be the case in ZnCr2O4 above 90
K. We interpret the behavior at lower temperatures as evi-
dence for a growing contribution to the Kramers–Kronig in-
tegral for x(T) coming from nonresonant modes. We con-
jecture that such modes, which are likely to be relaxational in
nature, are characteristic of a frustrated paramagnetic at low
temperatures.
In Fig. 4 we display the results obtained for the EPR
linewidth and theg factor. The linewidth is approximately
constant above 100 K. Below this temperature, the width
increases, reaching a maximum atTN . In contrast, theg
factor is nearly temperature independent. In its temperature
dependence, the EPR linewidth resembles the linewidth mea-
sured in unfrustrated antiferromagnets, where the width in-
creases asT→TN due to critical fluctuations.11 To make this
point more clear, we have fit the data to the standard expres-
sion DH1/2(T)5DH1/2(`)1R/uT2TNux, and obtained the
values DH1/2(`)5250(10) Oe, R5110(20) Oe K, TN
512(1) K, andx51.12(1).
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FIG. 3. Semilog plot of the integrated EPR intensity vs 1/T over the range
13 K<T<100 K. The temperature dependence corresponds to a gap'23
K.
FIG. 4. EPR linewidth vsT. The solid line is the fit. The inset shows the
behavior of theg factor.
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